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Study of wide field of view optical systems based
on animal eyes

PI: Duncan T. Moore

Abstract

This study examines the compound eye and its potential role as a wide field of
view optical system. A prototype system based on the apposition compound eye is
designed and built. An alternate design based and the neural superposition compound
eye is also presented. The effects of incorporating gradient index lenses into the system

are also examined, as well as potential manufacturing methods.

Introduction

Almost every animal on the planet that has a vision system can be classified as
having a simple eye, or a compound eye. Simple eyes, sometimes called camera eyes,
like our own human eye, can achieve high resolutions and a field of view of slightly
higher than 180 degrees. The simple eye configuration that uses a single optical system
to form an image on a detection plane is the standard used in the vast majority of vision
and imaging technology. Compound eyes, found on almost all insects and crustaceans,
have not yet had an artificial counterpart find its way into our technology. The closest

comparison that is widely used today would be the gradient index rod arrays used in
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scanners. Now the functionality of the scanner is not directly reflected in nature’s
compound eye, however the space and weight advantages are clearly apparent. The

following sections cover the basic eye type, a unique compound eye type, and then

briefly discuss when the compound eye is an advantageous choice.

Vision systems in nature

Over the course of time nature has evolved many distinct visual systems, and
evidence suggests many of these systems developed independent of each other [1,2]. As
it turns out, many of the evolutionary roads have lead to the same place. Although the
fine details may expose fundamental differences, functionally, there are only a few
different varieties of eyes. The two major eye types are the camera (or simple) eye and
the compound eye.

The earliest known vision systems in nature are compound eyes. They have been
identified on fossilized trilobites dated over half a billion years old. Compound eyes
have anywhere from a few to tens of thousands of narrow light collecting cells groups
called ommatidium. Each ommatidia is an individual optical system that typically
includes a corneal lens, crystalline cone, and rhabdom (the equivalent of a simple eye’s
photoreceptor) [Figure 1]. These ommatidium are packed together into a hemispherical
or cylindrical shape to form an eye with a nearly uninterrupted field of view.

There are two types of compound eyes, superposition eyes, and apposition eyes.
In superposition eyes, an erect image is formed on the retina by superimposing light from

multiple lenses [Figure 2]. Two important factors make this possible. The first is a long
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clear zone between the optics and the rhabdom. In this region cells lack any absorbing
pigment, allowing light to pass into adjacent ommatidia. The second is the unique
gradient index property of the crystalline cones. Each one is nearly afocal, similar to a
telescope. Research on artificial superposition systems has been previously demonstrated
[3]. The general concept of this imaging has been utilized for years in copiers and
scanners that use an array of gradient index rods.

In apposition eyes, each ommatidia is optically independent from its neighbors.
Each lens system images onto the distal tip of its respective rhabdom [Figure 3]. An
individual ommatidia does not gather any spatial information, it is effectively just a
photocell. The spatial resolution is determined by the acceptance angle of the ommatidia
and the angle between ommatidial axes. Typically, the acceptance angle is
approximately equal to the angle between ommatidial axes, thus the field of one rhabdom
‘apposes’ its neighbors. Crystalline cones in some apposition eyes have strong gradient
index properties. These are typical in aquatic and amphibious creatures that have little to
no power in the corneal lens. Butterflies have apposition eyes with gradient index cones
that work similar to those found in superposition eyes. The afocal gradient index cones
make the system up to 10% more efficient for on axis light collection [4]. Rhabdom in
apposition eyes are relatively long, a few hundred micrometers, and only 1-2 micrometers
wide. Their refractive index is higher than the surrounding medium causing it to behave
as a light guide, channeling light through the photoreceptive medium (microvilli).

As opposed to the compound eye, the other major type of imaging lens systems

evolved for animal vision is the camera eye. Camera eyes are widely adopted by different
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species including fish, birds, reptiles and mammals. A camera eye usually has a larger
aperture size to achieve higher image resolution, and a few lenses to provide the optical
power. In some species, their camera eyes have developed the zoom capability to image
objects at different distances, a process commonly referred to as accommodation. This
zoom process is usually accomplished by a single element inside the eye chamber.

To give an example of the human eye, the crystalline lens behind the cornea serves
as the zoom lens. The crystalline lens is an elastic material that is held in place inside the
eye by the zonule fibers attached to the ciliary body. Its major function is to adjust the
focal length of the human eye by changing its own shape during accommodation. Usually
when the object is at infinity or for the far vision, the human eye has about 60 diopters of
power; and when it accommodates it can acquire more than 70 diopters of power for a
young eye (object as close as 10cm). The crystalline lens is also a GRIN lens because the
lens body is filled with fully compact lens fibers with different values of refractive index.
It has core index of 1.406 and cortex index of 1.386. The index gradient is built up both
radially and axially, and the isoindicial surfaces take on an ellipsoidal shape, which can
provide the eye with higher optical power than a homogeneous lens. When the human
eye accommodates, the crystalline lens rounds up and takes on a more spherical shape.
Four major changes occur during this process. First, the curvature of the lens increase;
second, the thickness of the lens increases; third, because the lens bulges out towards the
cornea therefore the depth of anterior chamber decreases, and last but not least is the
change in the of isoindicial surfaces of the GRIN profile. By our own experience, we

know the image quality of our eyes is well maintained during accommodation, which
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means the crystalline lens, as a single zoom element, not only provides extra power for
near vision , but also keeps the aberration value down to preserve the image resolution
throughout the focusing range. The ability of the crystalline lens by itself to maintain the
image quality is the combinational effect of the change in the lens shape and the change
in its GRIN profile. Undergoing research is trying to mimic the zoom effect of the
crystalline lens by using flexible materials, for instance a liquid lens. However, without

the incorporation of the GRIN in the lens, it is almost impossible to achieve the optical

performance demonstrated by the human crystalline lens.

Neural Superposition Eye

Two-winged flies, and a handful of other insects, belong in a special subcategory
of apposition eyes. These eyes have an array of rhabdomere located in the same
ommatidia [Figure 4b]. It was first thought that they may have limited ability to resolve
images, but the correct reason was identified in 1967 by Kuno Kirschfeld [5]. In these
eyes, the angle between the fields of view of adjacent rhabdom (in the same ommatidia)
is the same as the inter-ommatidial angle. Also, the rhabdomere in a single ommatidia
are arranged in an analogous pattern to the ommatidium array. This suggests that seven
rhabdomere in seven different ommatidia are looking in the same direction with
overlapping fields of view [Figure 4 a,c]. Below the optical layers a neural network links
the signals from the seven rhabdomer to the same lamina (a nerve center located between

the rhabdom and brain). As far as the brain is concerned, the signal appears the same as a
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normal apposition eye, except the photon capture is seven times greater without
sacrificing spatial resolution. Kirschfeld called this system ‘neural superposition.’

This unique arrangement is one of the models for the artificial system observed in
this study. No research has been done on developing the optical design based off of the
neural superposition eye. There are several advantages to this design. Photon capture
will be greater than in a standard apposition arrangement. Signals from networked
detectors in different ommatidia can be averaged to improve the signal to noise ratio.
The superposition of signals can be used to gather more sensitive time derivations.
Furthermore, this arrangement allows for a unique transmitter/detector arrangement. For
example the central element on the array would be a transmitter, like a VCSEL, and off
axis elements would be detectors. Fiber optics can be used to carry the information from
the image plan of the lens array to an arrangement of transmitter and detector arrays
[Figure 5]. With this arrangement you can transmit and detect in the full field of view,

and furthermore, with multiple detectors sharing the same acceptance angle, some

detectors could gather information like color and polarization.

Advantages of compound eyes

The applications and advantages of simple eyes are very well know, so here we
will focus on compound eyes and why nature has found them to be the optimal micro
vision system.

An obvious advantage of the compound eye is its enormous field of view. Some

can see in almost every direction without having to move a muscle. But this wide field
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advantage is severely restricted by a relationship between spatial resolution and eye size.
In the simple eye, the radius of the eye increases linearly with resolution, but for
compound eyes, it increases by the square of the resolution. Details are discussed in the
next section and additional information can be found in references [5-7]. This limiting
physical relationship is why there are no large compound eyes found in nature, or with
relatively high resolution. As body size increases and more resolution is necessary,
nature has adapted to move the eyes and/or head to look around, as well as support larger
brains for more complex visual processing. Compound eye optics are also less complex
from a design standpoint. Compound eyes operate on non-imaging principals and do not
suffer significantly from aberrations. They also have depth of field extending from a few
millimeters to infinity as a result of having a short focal length. Simple eyes require a
moving or deformable optic (like the human crystalline lens) to refocus or zoom to
achieve imaging for objects at various distances.

Looking back at small visual systems, the diffraction limit and photoreceptor size
become constraining factors. The small vision systems are where compound eyes have
the advantage. Resolution for both systems is still comparable; however, compound
eye’s wraparound architecture is more compact, lightweight, and can have an extremely
wide field of view. A simple eye has the disadvantage now of having a limited field of
view per eye, the need to keep the eye internal for protection, and any added mechanisms
for eye movement control. Simple eyes have a clear internal volume so the light can pass

through from the optics to form an image on the photoreceptors. This volume takes up
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space and adds weight making the compound system a more optimal choice for smaller
systems.

How visual information is processed in compound eyes versus simple eyes is
significantly different, and plays an important role in the biology of the nervous system
and the optics. Typically the more resolution you have the more processing power
required, more megapixels more data to sift through. Compound eyes operate on slightly
different principles to extract valuable information with limited resolution. Their vision
system and neural responses are streamlined to respond to what is essential for survival.
Compound vision involves parallel processing techniques that are not widely used in
standard imaging technology today. Optical flow and hyperacuity [8] are examples of
these techniques. The details of how processing is accomplished in animals is not the
focus of this study, however, the required optical response is important and techniques on
how to tailor the optical design to achieve a desired response are discussed later.

These comparisons provide a basis for when an artificial compound eye is an
appropriate optical solution. Like in nature, its primary application is in micro vision
systems for robotics and unmanned micro vehicles. Such systems can accomplish object
identification, motion detection, distance verification, object avoidance, and can even be
adapted to provide color images, IR vison, polarization information, and send and receive

optical communications.

Artificial Compound Eye Design
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A geometrical model of an artificial compound eye [Fig 6,7] is sufficient to
understand the basic design form and why there is a profound limitation to a compound
eyes spatial resolution. An average insect has a spatial resolution around 1 cycle per
degree, very poor compared to a humans 60 cycles per degree. In order to improve the
resolution the size of the eye must increase, but this is where compound eyes eventually

become impractical.

The radius of a compound eye is:
R=2Dv, or, R=D/¢ (v_r=%2¢)) (1)

where R is the radius, ¢ is the inter-ommatidial angle, D is the pupil lens diameter of each
ommatidia, and vy the sampling frequency. For a diffraction limited system the
acceptance angle is roughly Ap UA/D, and the acceptance angle should match the inter-
ommatidial angle (¢ = Ap). Then D can be substituted into equation one, yielding the

relation:

2
R = 4AVJ (2)

For camera eyes [Fig. 8], the relationship between eye radius and sampling frequency is:

R=~(f 1), (3)

The size of a compound eye increases as the square of the spatial resolution. This is the
likely explanation as to why all large eyes are camera type eyes, but also leads to an

interesting point made by Wehner [9], “a bee scanning objects parallel to the horizon
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exhibits an angular resolution 160 times poorer than man. A bee can resolve the same
number of points as we do by just viewing the object from a distance 160 times smaller.”

The geometry of an apposition or neural superposition compound eye does not
have many degrees of freedom [Fig 7]. If the overall size (R) and resolution (¢) are
chosen, the two most important factors for making a practical device, then only one more
variable can be chosen as they are all directly related, focal length (f), lens radius (r),
numerical aperture, and image size (s). In a system that incorporated a transmission
source, the specifications are driven by the numerical apertures of the system and the
transmitting source.

With these constraints a first order model is easily generated. An excel spread
sheet provides a fast analysis on how to set up a system for a desired size and resolution.
See Table 1 for an example of a first order analysis. The next step is to examine the
angular response of coupling light to the photo receptor [Fig. 9]. This response directly
effects how the visual information is processed. There is an abundance of research on the
angular responses of apposition compound eyes for natural and artificial systems [10-13].
Natural systems are near diffraction limited and are similar in response to coupling light
into single mode fiber. They typically have Gaussian angular responses [13], with
varying amounts of crossover between ommatidia [14].

The Excel table was expanded to generate a more complete geometrical model
for either apposition or neural superposition systems [Table 2]. Data from the table are
then transferred to LightTools, an optical modeling software package from Optical

Research Associates, to generate a detailed optical analysis and make any modifications

10
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for performance requirements. Various modifications of the geometrical model can be
used to tailor a desired response performance. It may need to match a natural system or
be for a unique optical or signal processing solution. By changing physical properties of
focal length, lens curvature, detector size and position, an artificial system is easily
customizable. Additional methods include specifying aberrations in the optic(s), using a
gradient index media, or adding secondary optics. These are all properties and
techniques that can adjust the acceptance angle of the photoreceptors, the inter
ommatidial angle (@) that governs the overlap or crosstalk between neighboring
receptors, and the specific response figure (Gaussian, top hat, triangular, see Fig. 10).
Figure 11 is a system generated in LightTools that is designed to produce a response
similar to the house fly Musca domestic [13]. Figure 12 shows the Gaussian response of
neighboring photoreceptors with ~75% overlap as a source is scanned across the field.
The following section shows an example of how the system responds to changes
in its physical geometery. This helps explain how to customize the system for a desired
signal response as well as providing a set of tolerances for design sensitivity. Figure 13
shows a seven ommatidia mockup generated in LightTools to carry out the following
tests. First, the lens radius (r) of the system was varied to study the effects of defocusing
on the photoreceptors of a fixed position. In this model the photoreceptors are simulated
as fiber optics. Figure 14 shows the photoreceptor response to scanning a 1mm circular
source across the visual field, at both 20cm from the system and at infinity for several
different values of r. With the lens radius held constant, the position of the

photoreceptors (f) was also varied to study the photoreceptors angular response. Figure

111
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15 shows the behavior of the system to a Imm circular source scanned across the visual
field at both 20cm from the system and at infinity for several different values of f. Take
note that in the case of an apposition system changing the position of the photoreceptors
will result only in changing the overlap of neighboring responses and their photoreceptor
response profile, but in a neural superposition system it will also misalign photoreceptors

that shared the same filed of view, however, some misalignment may be beneficial to the

signal processing [14].

Tapered Gradients

Gradient index lenses can be found in both compound eyes and camera eyes.
Incorporating a gradient index into an artificial system provides an additional degree of
freedom that can be used to fine tune focal length, image size, and numerical aperture.
For an artificial system it is advantageous to use a gradient index to shorten the focal
length, leaving as much room as possible for hardware that needs to fit inside the
enclosure of the lens array.

Equation 4 represents the gradient index profile of a simple radial gradient.

N(@r)=N,+Nr’+N,r'+..;(4)
This equation can be used to derive the paraxial formulas of ray behavior in the gradient

index medium. Here is the profile representation of a linear tapered gradient:

r2

N(ry 2) = Ny N, —————; (5)
(l—Z“y )?
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See Figure 16a: Ny is the base index along the central axis, /V; is a constant, a is the taper
angle, yn, defines the edge of the taper at z=0, yy is the starting ray height, uy is the
starting ray angle. The linear model will be used here for an example of meridional ray

tracing (y,z) inside a tapered gradient index. Applying this profile to the ray equation

[15],

N . .. ) L ON
— 1+ )y + N, 2)j -1+ 3)— =0;(6)
0z ay

one can derive the paraxial equations for rays traveling through a linear tapered

medium[16]:

u,y, +¥%
Y(z) = y,vZCos[b* Log[Z]] - Tl NZSin[b* Log[Z1];(7)

2An
= ol =Zd o . —
== z

Figure 16b shows the behavior of paraxial rays in a tapered gradient (dark or black ray)
compared to a typical radial gradient (green or gray ray). The rays in the tapered gradient
continue to experience angular magnification as they traverse towards the end of the taper
and eventually escape out the side, or possibly bend around and continue back out of the
taper. The tapered gradient has a shorter focal length and higher numerical aperture that
is dependent on the angle of taper (a). This relationship between taper angle and the
distance to the back focal point is derived from equation 7. Distance to back focal point z

as a function of taper angle a:

13
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“(a) - —y"'—(e(m”w) - 1}(8)
=

Figure 17 shows the almost linear relationship between the taper angle and the focal

length.

The next step will be to expand the solution into terms that can be used to
determine third order aberrations. The linear taper may not be a suitable model for the
actual tapered lenses. It will likely be based on a diffusion model that is similar to
concentric cones or concentric radial symmetric hyperbolas. Also, since the oscillating
rays in tapered gradients are continually experiencing magnification, it will be important
to know the accuracy of a paraxial model. Several models have been encoded into
CodeV in order to numerically trace the real rays [Fig. 18].

There is currently no published work that discusses chromatics in tapered gradient
index lenses. Preliminary results, observing the linear taper case, suggest that in some

cases the taper has a significant effect on chromatic behavior that is worth future

investigation.

Artificial Apposition System

An artificial apposition compound array prototype was built for DARPATECH
2007. The motivation was to provide an alternative optical design for a low resolution
camera style optical system used for tracking a moving target. Figure 19 is the nineteen
element prototype designed in LightTools. From this design seven and nineteen element

prototypes were built (Fig. 20 and 21). They have an inter ommatidial angle of 5

14
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degrees, system field of view is 25 degrees, and the system radius of curvature is 60mm.
Light is coupled into large core plastic optical fibers to provide a flexible method of
connecting the system to detectors or transmitters. Details of the prototype’s physical
layout are in Table 3.

The optical material for the lenses is a silicone elastomer from NuSil, R-2615
(index of refraction n = 1.41). Itis a two part thermal setting elastomer. The fibers come
from Edmund Optics (J02-534). The cladding is 1mm diameter with index 1.402, the
core diameter is 980um with index 1.492. The one millimeter diameter fibers where
chosen to keep alignment tolerances in the limits of the holder manufacturing process.
Fibers with a smaller diameter can be used if a shorter system length is required and they
will also have a smaller bending radius. The frame and holder are made by Design
Prototyping Technologies (DPT) using stereolithography (SLA).

To make the lens array first a pattern mask is printed onto a transparency using a
laser jet printer. The appropriate volume on UV curable resin (Norland 61) is dispensed
onto the mask at all nineteen positions forming the correct spherical radius needed. After
curing the droplets onto the mask, the thermal setting silicone elastomer is poured over
the mask and droplets to form the negative mold for the outer surface of the compound
lens array. The mold for the inner side of the array was made by DPT’s stereo-
lithography process. The two molds are spaced apart by plastic shim stock (250um) and
filled with the optical silicone elastomer. Fibers are inserted into the back of the DPT

mold to form the positions that they will later be permanently fixed at. Once the silicone

compound array is thermally set it is placed into the frame and holder that will keep each

15
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lenslet in the proper position. Figures 22 and 23 show the pieces of the mold, the frame,
and the pattern mask. Finally the fibers are inserted into each lenslet and fixed there with
additional silicone. For the seven element system, each lenslet was made individually
and is not permanently fixed into the holder. Figure 24 shows the angular response of
three adjacent lenslets in the final artificial apposition array. This data matches the
specification from Table 3. The dip in the peak of the left response curve may be due to a
micro air bubble that was trapped in the mold. It was difficult to remove air bubbles from
the steep cone shapes even using a low vacuum. Also, the central response curve has a

steep left side. This may also be due to an air bubble, or accidentally stripping off the

thin cladding on the 1mm fiber.

Artificial Neural Superposition System Design

The apposition system built in the previous section was designed with the
potential to be modified into a neural superposition system. This section will present the
neural superposition design and variations for converting the artificial apposition system.

Figure 25 is a nineteen element LightTools neural superposition model. Each
ommatidia supports seven fibers, requiring a total of 133. Geometrical details of the
ommatidia and fibers are provided in Table 4. This was the original design for the neural
apposition system. It has equal resolution to the artificial apposition system, and the
overall field for a nineteen element system is 35 degrees plus another +/-5 degrees of

under sampled region from the off axis fibers in the outer ring of ommatidia. The

16
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solution in Table 4 uses seven 250um diameter fibers located at a shorter focal length.
The shorter focal length also results in a smaller corneal lens with stronger curvature. A
larger fiber bundle solutions exists, but if it is too large the available volume is exceeded
and the system can not be arrayed. For example the solution for using a bundle of seven
Imm diameter fibers is impractical because the diameter of the fiber bundle will exceed

the diameter of the ommatidia at the focal position (assuming the ommatidium is no

wider than its corneal lens diameter).

Conclusion

This study focused on the design and fabrication of an apposition compound array
and its practical use as a wide field of view optical system. Its advantages over camera
type optical systems where discussed. Seven element and nineteen element prototypes
were fabricated in the lab from commercially available materials and using basic model
building techniques. The final prototypes matched the design specification and were
shown at DARPATECH 2007.

A close derivative of the apposition system, the neural superposition compound
array, found in fruit flies and other two winged flies, was also studied. It has several
differences from the apposition system that make it an attractive candidate for an
artificial vision system. Its unique design and potential advantages were presented in
detail. A prototype was designed and can be made with only minimal modification to the
fabrication process of the apposition prototype. The work in this study can help other

programs, like the machine vision program at University of Wyoming [13], design and

17
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build systems to further research in the fields of machine vision and bio inspired optical
systems.

Gradient index optics, found in a great many vision systems in nature, are also
discussed as they provide several system advantages which nature has already capitalized
on. Modeling work is presented that can be applied to future design and fabrication
methods for compound array systems.

Biologically inspired wide field optical systems like the ones presented here have

massive potential to improve upon the next generation technology.

18
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Figure 1 Ommatidia
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Figure 2 Superposition




Figure 4 Neural Superposition
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Figure 9 The acceptance angle (Ap)of an ommatidium results from a combination of the
Airy diffraction pattern (point-spread function) given by _/D and the geometrical angular
width of the thabdom d/f as the nodal point of the lens. (Reference: Figure 7.6, p. 134,
Animal Eyes, Michael F. Land, Dan-Eric Nilsson)
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Figure 12

llluminance Total Power

3.0E-04

2.5E-04

2.0E-04 -

1.5E-04

1.0E-04

5.0E-05

0.0E+00

Illuminance vs Field

Field Position (deg)

25



Figure 13

Figure 14 The angular response of radius of curvature changes from 1.96-2.46mm.
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